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Combining data from field surveys and archaeological records 
to predict the distribution of culturally important trees




























sets	depicting	 the	distribution	of	culturally	 important	 species.	However,	 accessing	
datasets	on	the	location	of	these	species	can	be	challenging,	particularly	when	the	
current	distribution	no	longer	reflects	areas	with	the	full	range	of	suitable	growing	
conditions	 because	 of	 past	 logging.	We	 test	whether	 using	 occurrence	 data	 from	
community-based	 field	 surveys	 and	 archaeological	 records	 in	 species	 distribution	





Location: Our	 analysis	 covers	 the	 spatial	 extent	 of	 the	 traditional	 territory	 of	 the	
Heiltsuk	First	Nation,	which	encompasses	a	portion	of	the	Great	Bear	Rainforest	in	
British	Columbia,	Canada.










Main conclusions: We	demonstrate	 and	discuss	 the	utility	of	using	 archaeological	
data	 in	 species	 distribution	modelling	 and	 conservation	 planning	when	 the	 target	
species	is	associated	with	shifting	environmental	baselines,	data	limitations	and	an	
important	cultural	resource.
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1  | INTRODUC TION
Indigenous	 people	 and	 communities	 are	 gaining	 enhanced	 rights	
and	 authority	 over	 their	 traditional	 lands,	 including	 the	 forest	 re-
sources	that	are	often	deeply	intertwined	with	their	culture	(Larson,	
Dahal,	&	Colfer,	2010).	 In	such	places,	 integrating	 local	knowledge	
and	perspectives	about	culturally	important	plants	and	animals	are	
often	key	 factor	 in	 successful	 conservation	and	 resource	manage-
ment	 initiatives	 (Berkes,	 Folke,	 &	 Gadgil,	 1994;	 Charnley,	 Fischer,	
&	Jones,	2007).	What	kind	of	data	 is	applicable	and	meaningful	to	
indigenous	 communities	 in	 these	 contexts?	 Increasingly,	 data	 de-
scribing	the	locations	of	species	occurrences	are	an	integral	part	of	
spatial	conservation	planning	because	these	data	support	prediction	
of	 spatially	 explicit	 species	 distributions	 (Elith	&	 Leathwick,	 2009;	
Franklin,	2009).	But	questions	about	how	to	effectively	apply	these	
methods	arise	when	the	target	taxon	is	an	important	traditional	re-




ical	 communities,	 populations	 and	 resource	 landscapes	 (Franklin,	
Potts,	 Fisher,	 Cowling,	 &	 Marean,	 2015;	 Lopez-Arevalo,	 Gallina,	
Landgrave,	 Martinez-Meyer,	 &	 Munoz-Villers,	 2011;	 Pesek	 et	 al.,	
2009;	Ziembicki,	Woinarski,	&	Mackey,	2013).	 Finding	novel	ways	
to	bring	together	and	compare	alternative	occurrence	datasets,	such	
as	 those	 based	on	 field	 surveys	 and	 archaeological	 records,	 holds	
promise	 for	 spatially	 predicting	 past	 and	 current	 species	 distribu-
tions	and	more	effectively	meeting	community	objectives	for	con-
servation	areas.
In	 the	 coastal	 temperate	 rainforests	 of	 north-western	 North	
America,	western	 redcedar	 (Thuja plicata	Donn	ex	D.	Don;	hereaf-
ter	“redcedar”)	 is	 important	to	coastal	ecosystems,	economies	and	
cultures	(Antos,	Filipescu,	&	Negrave,	2016;	Klinka	&	Brisco,	2009).	
Redcedar	 is	 considered	 the	 “tree	of	 life”	 to	 indigenous	people	be-
cause	 of	 its	 prominent	 role	 across	 diverse	 aspects	 of	 traditional	
and	 contemporary	 life	 (Garibaldi	&	Turner,	 2004;	 Zahn,	 Palmer,	&	
Turner,	 2018).	 For	 example,	 the	 emergence	 of	 redcedar	 in	 these	
coastal	forests	during	the	Holocene	is	associated	with	rapid	techno-
logical	innovation	stemming	from	its	myriad	uses	in	transportation,	
structural	 housing	material,	 art,	 clothes	 and	 spirituality	 (Hebda	 &	
Mathewes,	1984;	Stewart,	1995).	Evidence	of	these	uses	over	past	
centuries	is	imprinted	in	coastal	forests	by	way	of	culturally	modified	
trees	 (Turner	et	al.,	2009).	Furthermore,	due	to	 its	great	 longevity	
(>1,000	years)	 and	potential	 sizes	 (>3	m	diameter	 and	>60	m	 tall),	
redcedar	 is	 associated	 with	 many	 important	 ecological	 functions	
such	as	supporting	wildlife	habitat	(Stevenson,	Jull,	&	Rogers,	2006),	


























For	example,	 conventional	 timber	 supply	models	calculate	harvest	
rotation	ages	within	managed	forests	(typically	less	than	100	years)	
that	 can	 be	 an	 order	 of	 magnitude	 shorter	 than	 the	 age	 of	 large	
monumental	redcedars	 (often	more	than	1,000	years;	Antos	et	al.,	
2016;	MacKinnon,	2003;	Waring	&	Franklin,	1979).	Such	divergence	
between	 managed	 and	 unmanaged	 forests	 is	 especially	 marked	





Inselberg,	 &	 Saunders,	 1996).	 Thus,	 the	 seral	 shifts	 produced	 by	
industrial	 silviculture	 dramatically	 decrease	 the	 number	 of	 large	
old	 trees	present	on	 the	 landscape	 (Lindenmayer,	Blanchard,	Blair,	
McBurney,	&	Banks,	 2016).	 Such	 a	 change	 is	 salient	 in	 any	 forest	
around	the	world	because	large	old	trees	disproportionately	affect	
the	 structure,	 dynamics	 and	 function	 in	 forests	 (Lindenmayer	 &	
Laurance,	2017;	Lutz,	Larson,	Swanson,	&	Freund,	2012;	Stephenson	
et	 al.,	 2014),	 but	 when	 these	 stand	 elements	 are	 also	 a	 cultural	
keystone	 like	 monumental	 redcedar	 (Garibaldi	 &	 Turner,	 2004),	










In	 the	 Great	 Bear	 Rainforest	 of	 coastal	 British	 Columbia	
(Figure	1),	a	regime	of	ecosystem-based	management	 (EBM;	Great	
Bear	 Rainforest	Order,	 2016;	 Price,	 Roburn,	 &	MacKinnon,	 2009)	
has	been	instituted	which	includes	Cedar	Stewardship	Areas	(CSAs),	
a	land	designation	created	to	ensure	an	intergenerational	supply	of	
redcedar.	Although	 the	 specific	 characteristics	 of	CSAs	 are	 vague	
in	 current	 planning	 documents,	 the	 concept	 is	 that	 certain	 limita-
tions	 are	 placed	 on	 the	 commercial	 harvesting	 of	 redcedar,	 while	
indigenous	groups	 (referred	 to	as	First	Nations	 in	Canada)	can	ac-
cess	redcedar	for	cultural	purposes.	According	to	the	current	EBM	
framework,	planners	must	also	incorporate	First	Nations’	traditional	













spatial	 planning	 and	 the	 inherent	 rarity	 of	 monumental	 redcedar,	










environmental	 factors.	One	of	 the	major	challenges	with	SDMs	 in	
an	applied	context	is	that	many	empirical	models	are	based	on	po-
tentially	biased	field	surveys	(Phillips	et	al.,	2009).	Various	methods	
have	been	developed	 to	 account	 for	 these	 issues,	 including	 creat-
ing	target	background	data	to	reflect	sampling	effort	(Phillips	et	al.,	
2009)	 and	 altering	 occurrence	 datasets	 to	 remove	 biases	 (Dudik,	
Schapire,	&	Phillips,	2005).	Although	methods	 to	address	bias	and	












In	 this	 research,	 we	 evaluate	 different	 data	 sources	 to	 predict	
the	spatial	distribution	of	monumental	 redcedar	 in	a	portion	of	 the	
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Ecologically,	 the	 GBR	 region	 lies	 within	 the	 coastal	 temper-
ate	 rainforest	 and	 is	within	 the	Coastal	Western	Hemlock	 (CWH)	
zone	of	BC's	Biogeoclimatic	Ecosystem	Classification	system	(BEC;	
Meidinger	 &	 Pojar,	 1991).	 The	 BEC	 system	 classifies	 ecosystems	
across	nested	scales:	zones	 represent	 the	broadest	scale	based	on	
climate,	and	site series	represents	the	finest	scale	based	on	the	local	
soil	moisture	 and	nutrient	 regimes	 (Meidinger	&	Pojar,	 1991).	 The	
GBR	 region	 is	 characterized	 by	 high	 annual	 rainfall	 (2,000+	 mm),	
moderate	 average	 monthly	 temperatures	 ranging	 from	 4	 to	 16°C	
and	extensive	coniferous	forests.	Heterogeneous	physiography	and	
a	landscape	that	includes	mainland	fjords	and	offshore	island	archi-
pelagos	create	 large	 regional	variation	 in	site	productivity.	Forests	
in	 the	 floodplains	 of	 large	 river	 systems	 can	 accumulate	 immense	
above-	and	belowground	biomass,	whereas	other	areas	that	are	se-
verely	limited	by	nutrients	and	water	tables	are	characterized	by	bog	
ecosystems	with	markedly	 shorter	 forest	 canopies.	 Over	 a	 dozen	
tree	species	occupy	these	forests,	the	most	common	of	which,	de-
pending	 on	 site	 conditions	 and	 disturbance	 histories,	 are	western	
redcedar,	 western	 hemlock	 (Tsuga heterophyla),	 amabilis	 fir	 (Abies 
amabilis),	 Sitka	 spruce	 (Picea sitchensis),	 yellow-cedar	 (Callitropsis 
nootkatensis),	shore	pine	(Pinus contorta var. contorta) and red alder 
(Alnus rubra; Alnus sitchensis	on	the	outer	coast).
The	 spatial	 extent	 of	 our	 study	 area	 (350,000	 ha)	 represents	
roughly	25%	of	the	terrestrial	area	of	the	Heiltsuk	territory.	We	se-
lected	this	area	based	on	availability	of	GIS	data	and	in	an	attempt	
to	exclude	 forests	 that	 are	unlikely	 to	yield	monumental	 redcedar	
because	of	short	tree	canopies,	logging	history	or	unsuitable	species	
composition.	To	identify	a	study	area	using	these	criteria,	we	que-





VRI	 data	 are	 derived	 from	 interpreted	orthophotos	 and	 represent	
stand	values	averaged	across	broad	areas	(typically	over	1	ha	in	size),	
thus	masking	 fine-resolution	 variability	within	 stands.	We	 created	
the	 final	 study	area	boundary	by	clipping	 to	 the	Heiltsuk	 territory	
and	by	clipping	 to	 the	Central	Very	Wet	Hypermaritime	BEC	sub-















height	 and	 at	 least	 5	m	 of	 clear	wood	 (i.e.,	 free	 of	 large	 knots	 or	




stands	and	 large	yellow-cedar	 trees	are	much	 less	 common	 in	 the	
region,	it	is	likely	that	almost	all	the	occurrences	are	redcedar.
2.2.2 | Archaeological records
The	BC	Archaeology	Branch	 administers	 a	 database	 that	 contains	
archaeological	 features	 recorded	 by	 archaeologists	 within	 BC.	 In	
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2011,	we	accessed	a	GIS	shapefile	of	archaeological	features	within	








but	western	 redcedar	 represents	84%	of	 the	populated	 fields	 and	
the	generic	term	“cedar”	represents	the	rest.	We	used	these	records	
of	archaeological	aboriginal	logging	as	a	proxy	of	historic	monumen-




To	 create	 an	 independent	 validation	 dataset	 for	 testing	 models	
built	 from	the	above	occurrence	data,	 in	July	2015	a	 team	of	 four	

















although	various	 terrain	obstacles	 limited	our	ability	 to	 travel	 in	a	
straight	line	at	all	times.	To	anchor	the	end-point	of	each	transect,	
we	generated	seven	random	points	within	the	spatial	study	area	on	
Chatfield	 Island	using	Random Point in arcgis	10.2.	From	 the	near-










































second	 scenario	 excluded	 the	 two	 variables	most	 associated	with	
access:	proximity	to	ocean	and	elevation	(excluding	access	variables	
or	EAV).	We	developed	this	 latter	scenario	to	enable	more	explicit	
comparisons	of	 the	models	 and	predictive	maps,	 so	 that	decision-
makers	can	more	easily	evaluate	whether	or	not	to	incorporate	ac-
cess	patterns	in	the	design	of	Cedar	Stewardship	Areas.
We	compared	 the	Heiltsuk and Archaeo	models	and	associated	
scenarios	 by	 examining	 three	 different	 statistical	 relationships:	
model	fit,	variable	contributions	to	model	performance	and	proba-
bility	distributions	across	the	range	of	environmental	values	for	each	




&	Bell,	 1997)	 to	 assess	model	 fit	 through	 area	 under	 the	 receiver	






the	 AUC	 scores	 in	Maxent	 represent	 the	 probability	 that	 random	
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presence	 sites	will	 score	higher	 than	 random	background	 sites—in	
our	case,	10,000	randomly	generated	points	distributed	across	the	

















raster	cells	with	values	within	 the	90th	percentile	 for	 the	Archaeo 
and Heiltsuk	models	 and	 calculated	 areas	where	 these	highly	 suit-
able	areas	overlap.	We	also	assessed	concordance	between	the	two	
maps	by	using	the	Istat	function	within	the	“SDM	tools”	package	of	






tions	against	our	 independent	validation	dataset	derived	 from	 the	
Chatfield	Island	field	transects.	We	used	AUC	to	measure	the	extent	
to	which	the	SDMs	that	were	trained	on	the	Heiltsuk	field	surveys	
and	 archaeological	 records	 correctly	 predict	 the	 62	 monumental	




3.1 | Comparison of species distribution models
The Heiltsuk and Archaeo	models	show	similar	variables	influenc-
ing	 predictions	 about	 the	 distribution	 of	 monumental	 redcedar	
(Table	2).	 In	the	EAV	scenario,	both	models	show	Canopy	Height	
and	Site	 Series	 among	 the	 top	 three	most	 important	 predictors.	
There	 are	 also	 differences	 between	 these	 models:	 Slope	 is	 the	
most	 important	 variable	 in	 the	Archaeo	 model,	 and	 Solar	 is	 the	
third	 most	 important	 variable	 in	 the	Heiltsuk	 model.	 In	 the	 IAV	
scenario,	 the	 access	 variables,	 Elevation	 and	Ocean,	make	 large	
contributions	 to	model	 fit	 and	 their	 inclusion	 increases	 the	AUC	
relative	to	the	EAV	scenario.	 It	 is	 important	 to	note	that	despite	




TA B L E  1  Environmental	variables	used	as	predictors	in	the	species	distribution	models




























taller	 canopy	heights	 (canopy	heights	had	 to	be	higher	 than	20	m	
to	form	part	of	the	study	area),	though	the	sparse	data	in	the	upper	
height	range	make	inferences	about	the	response	shape	challenging.	





sified	 as	 01	 has	 the	 highest	 predicted	 values.	 The	 01	 “zonal”	 site	
series	represents	the	average	climatic	conditions	in	the	area	and	is	
associated	with	a	very	poor	 to	medium	soil	 nutrient	 regime	and	a	
 
Heiltsuk model Archaeo model
IAV scenario EAV scenario IAV scenario EAV scenario
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moist	to	very	moist	soil	moisture	regime	(Green	&	Klinka,	1994).	The	
Slope	variable	 also	 responds	differently	 in	 the	 two	models.	 In	 the	












Heiltsuk and Archaeo	 predictive	 maps	 qualitatively	 indicates	 distinct	























cedar	 trees.	When	 should	 indigenous	 communities	 consider	 using	
archaeological	 occurrence	 datasets	 in	 species	 distribution	 model-
ling	and	conservation	planning?	If	communities	are	only	concerned	
with	 mapping	 current	 presence	 distributions,	 then	 species	 inven-
tories	from	large,	rigorously	designed	surveys	will	probably	be	the	
most	valuable	data	source	for	developing	SDMs.	In	these	situations,	




shifting	 environmental	 baselines,	 data	 limitations	 and	 distinct	 cul-
tural	objectives.
Triangulating	 results	 from	 field	 inventories	with	 archaeological	
data	has	 the	benefit	 of	 extending	 the	 temporal	 resolution	of	 spe-
cies	occurrences.	The	archaeological	records	of	aboriginally	logged	
trees	 used	 in	 our	 study	 spatially	 reference	 the	 location	 of	 tradi-
tional	 redcedar	 harvesting	 sites	 over	 a	 long	 time	period—likely	 up	
to	several	centuries,	given	the	slow	decay	rate	of	redcedar	(Daniels,	
2003).	 This	 time	 scale	 is	 relatively	 recent,	 however,	 compared	 to	
other	applications	of	archaeological	data	in	SDM	that	involve	hind-
casting	 over	millennia	 to	 different	 climatic	 conditions	 (Franklin	 et	
al.,	 2015).	 Incorporating	 predictor	 variables	 into	 SDM	 that	 reflect	
past	 climate	 is	 an	 important	approach	 for	 reconstructing	 resource	











90th percentile model overlap
90th percentile Archaeo model 
90th percentile Heiltsuk model











of	 the	 original	 distribution	 relative	 to	 various	 environmental	 gra-














cations	 reflecting	a	 century	of	distributional	 censoring	by	 logging.	









ological	 information	 in	 SDMs.	 Although	 indigenous	 communities	
usually	retain	rich	traditional	ecological	knowledge	about	culturally	
important	 plants	 and	 animals	 (Berkes	 et	 al.,	 1994),	 corresponding	
survey	data	related	to	these	species’	distributions	are	typically	less	
common.	Where	such	limitations	exist,	using	proxies	such	as	archae-
ological	 records	or	 traditional	use	data	 (Tobias,	2009)	 can	help	 fill	
this	data	gap.	In	our	study,	the	Archaeo	model	has	better	predictive	
performance	 than	 the	Heiltsuk	model	when	 tested	 against	 our	 in-
dependent	 validation	 dataset.	 The	 overall	 AUC	 is	 also	 marginally	
highest	when	pooling	the	occurrence	data	 in	the	Combined	model,	
perhaps	by	 reducing	 the	 influence	of	 the	most	extreme	biases	as-
sociated	 with	 either	 occurrence	 dataset.	 This	 model	 comparison	
suggests	that,	 in	the	absence	of	robust	field	survey	data,	using	ar-








Davidson-Hunt,	&	Manseau,	 2008).	 In	 these	 cases,	 the	 use	 of	 re-
sources	might	be	viewed	as	an	important	coupling	of	ecological	pro-
cesses	and	sociocultural	behaviour	that	is	essential	to	conservation	






enous	ways	of	 life	 (Pesek	et	al.,	2009).	For	example,	 in	their	study	
of	 the	 distribution	 of	 an	 important	medicinal	 plant,	 Baumflek,	De	
Gloria,	 &	Kassam	 (2015)	 used	 sociocultural	 variables,	 such	 as	 dis-
tance	 to	 roads,	 to	 constrain	 predicted	 suitable	 areas	 to	 locations	
considered	 accessible	 by	 indigenous	 harvesters.	 Similarly,	 in	 our	
study's	IAV	scenario,	more	suitable	conditions	for	monumental	red-
cedar	are	predicted	closer	to	shore	and	at	lower	elevations,	a	trend	
that	 is	 better	 explained	 by	 the	 logistics	 of	 accessing	monumental	






4.2 | Uncertainty arising from spatial datasets
Across	SDM	studies	worldwide,	data	quality,	 grain	and	availability	
are	 often	 limiting	 factors	 in	 their	 application	 (Elith	 &	 Leathwick,	
2009;	Franklin,	2009).	Despite	having	detailed	datasets	associated	
with	 planning	 in	 the	 GBR	 (Price	 et	 al.,	 2009),	 both	 SDMs	 in	 this	
study	 would	 benefit	 from	 more	 robust	 environmental	 predictors.	
Incorporating	spatial	data	captured	through	high-resolution	LiDAR	
sensors	 (Lefsky,	 Cohen,	 Parker,	 &	 Harding,	 2002),	 for	 example,	
would	 provide	 a	more	 accurate	 and	 fine-scaled	 representation	 of	
Canopy	Height	and	topographical	variables	such	as	Slope,	Solar	and	






In	addition	to	 issues	with	the	predictors,	 there	are	certain	 lim-
itations	and	survey	biases,	beyond	just	access	patterns,	that	under-
lie	 the	 redcedar	 occurrence	 datasets	 in	 this	 study.	 In	 the	Heiltsuk 
model,	occurrences	are	partially	based	on	intensive	sampling	effort	
around	 riparian	 areas	 and	 important	 cultural	 sites	 such	 as	 histori-
cal	 villages.	 This	 sampling	 bias	 potentially	 increases	 concordance	
with	 the	Archaeo	model	 because	 separate	 analysis	 (we	 only	mod-
elled	biophysical	variables	in	this	study)	suggests	that	proximity	to	
village	 sites	 is	 an	 important	predictor	of	 aboriginally	 logged	 trees.	
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Archaeological	records	of	cultural	redcedars	also	have	biases	arising	
because	the	data	are	often	collected	in	the	context	of	archaeolog-
ical	 impact	 assessments	 associated	 with	 forestry.	 Hence,	 suitable	
conditions	for	logging,	such	as	gentle	terrain	and	productive	forests,	
























dictive	map	based	on	 a	 single	model	 that	 uses	pooled	occurrence	
data	(e.g.,	Combined model).








predicative	 maps	 could	 be	 translated	 directly	 into	 new	 legal	 land	
designations	that	support	the	conservation	of	monumental	redcedar	
or	 they	 could	 be	 used	 as	 an	 input	 into	 conservation	 prioritization	
exercises	 that	 account	 for	multiple	 landscape	 values	 (Moilanen	 et	
al.,	 2011;	Whitehead	et	 al.,	 2014).	The	predictive	maps	 could	 also	
function	as	 a	guide	 for	 allocating	 survey	effort	during	operational	
forestry	planning.
In	 this	 study,	we	 focus	on	novel	ways	 to	predict	and	conserve	
monumental	redcedar,	but	the	framework	outlined	here	can	extend	
to	other	important	species	and	traditional	resources	globally.	In	par-




ecosystems	 in	which	 they	 occur	 (Lindenmayer,	 Blanchard,	 Blair,	 &	
McBurney,	2018),	due	to	their	application	in	understanding	cultural	
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